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istal metaphyseal radial fractures are among the most common injuries in children 1, 2 . Unlike the situation in adults, angulated fractures of the distal part of the forearm in children have a great ability to remodel and they infrequently cause dysfunction. Conservative methods still play a major role in treatment 3 . However, very high rates of unacceptable degrees of displacement after the initial fracture reduction have been reported [4] [5] [6] . Some recent reports have indicated an increased trend for the routine use of percutaneous pin fixation for the initial treatment of high-risk fractures [7] [8] [9] [10] [11] . The factors affecting the risk of redisplacement remain a matter of debate. The accuracy of the initial reduction 1, 4 , initial complete displacement of the radius 6, 10, 12 , association with an ulnar fracture 6, 10 , an isolated radial fracture 5 , loss of cast fixation 2 , the experience of the surgeon 1 , and the type of anesDisclosure: The authors did not receive any outside funding or grants in support of their research for or preparation of this work. Neither they nor a member of their immediate families received payments or other benefits or a commitment or agreement to provide such benefits from a commercial entity. No commercial entity paid or directed, or agreed to pay or direct, any benefits to any research fund, foundation, division, center, clinical practice, or other charitable or nonprofit organization with which the authors, or a member of their immediate families, are affiliated or associated. thesia 10 have all been suggested as risk factors by various authors. Poor molding of the plaster cast and excessive padding have attracted increased attention recently, and the cast index 13 , the padding index 14 , the Canterbury index 14 , and the gap index 15 have been suggested as measures with which to predict the outcome of distal metaphyseal radial fractures. Unfortunately, the accuracy of these indices is unclear, and their value in clinical practice has been questioned.
In this prospective study, we investigated the accuracy of previously defined radiographic indices as well as our new index, which we originally designed according to the basic principles of cast treatment: three-point fixation and reduction accuracy. The method of calculating the three-point index is described below. We also assessed other defined risk factors as well as the fracture geometry, the importance of which has previously been relatively underestimated.
Materials and Methods

T
he study was performed prospectively with the approval of the institutional review board. Excluding three children who were lost to follow-up, seventy-four consecutive children under the age of fifteen years who were treated with a cast in our emergency department within twenty-four hours after sustaining a displaced or severely angulated (>20°in any direction) distal radial fracture were enrolled in the study; a total of eighty-two casts were applied to seventy-five fractures in this group. All patients were followed prospectively. None of the fractures were associated with neurovascular injury. Intraarticular, physeal, and pathological fractures were excluded. One patient was eighteen months old; one, two years old; one, three years old; two, five years old; five, six years old; four, seven years old; six, eight years old; nine, nine years old; seven, ten years old; thirteen, eleven years old; eight, twelve years old; eight, thirteen years old; and nine, fourteen years old.
Initial closed reduction was performed and a cast was applied in the emergency department by senior orthopaedic residents with the patient under conscious sedation. Attention was paid to the thickness of the padding, molding of the distal and proximal parts of the cast as well as at the fracture site with each roll of the cast material, and positioning of the wrist in 10°to 20°of flexion and about 10°of ulnar deviation.
The degree of obliquity was analyzed on the basis of the maximum fracture-line angle in either the transverse or the sagittal plane-i.e., the lines between the fractured medial and lateral cortices were examined on the anteroposterior radiograph and those between the fractured dorsal and volar cortices were examined on the lateral radiograph, and the larger angle was selected as the obliquity angle. The quality of the initial reduction was classified as (1) anatomical (a complete anatomical fracture reduction without any translation or angulation), (2) good (<10°of dorsal angulation or £2 mm of translation), or (3) fair (less than a good reduction, with translation of between 2 and 5 mm, or angulation of between 10°and 20°, or any radial deviation of <5°, or a combination of 5°to 10°of dorsal angulation and £2 mm of translation).
The patients were followed weekly for four weeks with radiographs, and the amounts of angulation or translation were noted. Redisplacement was considered to have occurred when there was (1) ‡10°of dorsal or volar angulation, or (2) ‡5°of radial deviation, or (3) ‡3 mm of translation, or (4) a combination of ‡2 mm of translation and ‡5°of angulation. Remanipulation was used only for fractures that had >20°of dorsal angulation alone, >10°of radial deviation alone, or >4 mm of translation alone or that had a combination of at least two of the following criteria: >10°of dorsal angulation, >5°of radial deviation, and ‡3 mm of translation. Five patients were treated with a second cast and one was treated with a third cast, and these additional casts were included in the study group. All of the redisplaced fractures were evaluated carefully, whether or not they underwent remanipulation. The injured arm was routinely checked for circulatory problems twenty-four hours after the reduction. Three casts were split because of such problems, and the fractures were routinely managed with manipulation and application of another cast two days after the splitting; the final casts were considered to be the initial treatment for these fractures.
Three of the authors (K.B.A., S. _ I., and O.C x), who were blinded to the existence of redisplacement, performed all measurements simultaneously on the first radiographs made after each reduction. The formulas for calculating the cast index, gap index, padding index, Canterbury index, and threepoint index are given in Table I . The cast index was tested with use of both 0.7 and 0.8 as cutoff points. The interobserver reliability of the three-point index was tested with use of the separate measurements made by the three observers, and the intraobserver reliability was tested with use of three separate measurements made by a single observer with two-week intervals between the measurements. The three-point index is calculated by dividing the sum of three critical gaps seen on an anteroposterior radiograph by the transverse projection of the contact area of the fracture fragments ([a 1 b 1 c]/x) ( Fig. 1-A) and by dividing the sum of three critical gaps seen on a true lateral radiograph by the sagittal projection of the contact area of the fracture fragments ([d 1 e 1 f]/y) ( Fig. 1-B) . The sum of these two calculations is the three-point index. The critical gaps were selected on the basis of the most important points in the cast that maintain the reduction against the common displacement forces. For example, extension-type fractures are most common and tend to displace dorsally and radially, whereas displacement of flexiontype fractures tends to be volar and radial. On an anteroposterior radiograph ( Fig. 1-A) , ''a'' should be the narrowest radial-side gap between the cast and the skin around the radiocarpal joint or at the level of the scaphoid bone, ''b'' should be the narrowest ulnar-side gap between the cast and the skin within 1 cm of the fracture line, and ''c'' should be the narrowest radial-side gap about 3 to 5 cm proximal to the fracture site. On a lateral radiograph of an extension-type fracture ( Fig.  1-B) , ''d'' should be the narrowest dorsal-side gap between the cast and the skin around the radiocarpal joint or the proximal carpal row, ''e'' should be the narrowest volar-side gap between the cast and the skin within 1 cm of the fracture line, and ''f '' should be the narrowest dorsal-side gap about 3 to 5 cm proximal to the fracture site. On a radiograph of a flexion-type fracture, a, b, and c should be the same while the volar and dorsal sides should be switched for d, e, and f. Dividing the sums by the contact length of the fracture fragments in each plane provides proportionality for the index, which prevents measurement errors due to magnification of the plain radiographs.
Descriptive statistics are given as the mean and standard deviation for continuous variables and as a percentage for categorical variables. The Mann-Whitney U test was used to evaluate the significance of the difference of the means between the independent groups. The chi-square test was used for categorical comparisons. The backward stepwise likelihood ratio logistic regression method was performed to analyze the multiple effects of the variables of age, gender, degree of maximum obliquity of the fracture line, ulnar fracture type, reduction accuracy, distance to the physis, and initial complete displacement. The odds ratio and 95% confidence interval were calculated. Receiver operating characteristic analysis was used to assess the efficiency of the three-point index in predicting loss of reduction. The area under the curve and the 95% confidence interval were analyzed. As the area under the curve was significant, the most appropriate cutoff point for the best prediction of redisplacement was determined. Sensitivity, specificity, and positive and negative predictive values were assessed on the basis of this cutoff point. P values of <0.05 were accepted as significant. The interobserver and intraobserver reliabilities of the three-point index were measured with interclass and intraclass correlation coefficients and 95% confidence intervals. The NCSS and PASS statistical package (version 2002; NCSS Statistical Software, Kaysville, Utah) was applied for power analysis.
Results
T
here were nineteen redisplacements of seventeen fractures in seventeen patients. However, only six of these redisplacements required remanipulation. Four were successfully reduced after the first manipulation, without further displacement. Two redisplaced fractures were each remanipulated twice; one was treated with surgery; and one was treated with a third cast, with a successful outcome. Seventeen of the redisplacements were recognized in the first week, and two were recognized at the end of the second week. In both of the latter two cases, it was realized that the lateral radiographs at the end of the first week had not been made in a true lateral projection, which may have hidden an earlier redisplacement.
The initial reduction accuracy (p = 0.014) and initial complete displacement (p = 0.007) differed significantly between the group with redisplacement and the group without redisplacement (Table II) . With the numbers studied, patient age and the distance to the physis did not differ significantly (p > 0.05) between the groups, whereas the degree of obliquity of the fracture line did differ significantly (p < 0.05) ( Table III) .
The results of the first and last steps of the backward stepwise likelihood ratio calculation are given in Table IV . The model showed initial complete displacement of the radius (odds ratio = 11.690, p < 0.001) and the degree of fracture obliquity (for each 1°of obliquity: odds ratio = 1.083, p = 0.033) to be the greatest risk factors in the sixth step, with a power of 93% and 98%, respectively. Fractures with 10°, 20°, and 30°of obliquity were, respectively, 2.22, 4.93, and 10.94 times more likely to redisplace than was a true transverse fracture. A fair initial reduction (odds ratio = 5.176) and an associated displaced or severely angulated ulnar fracture (odds ratio = 3.503) were found to be possible risk factors in the first step, although they had a p value >0.05 in the stepwise logistic regression.
The cast index (p = 0.05), gap index (p = 0.01), and three-point index (p < 0.001) differed significantly between the group with redisplacement and the group without redisplacement, whereas the padding index (p = 0.56) and the Canterbury index (p = 0.39) did not differ significantly between the groups. We determined 0.795 (or approximately 0.8) to be the appropriate cutoff point for the three-point index.
With a sensitivity of 94.7%, a specificity of 95.2%, a negative predictive value of 98.4%, and a positive predictive value of 85.7%, the three-point index was found to be superior to the other radiographic indices with regard to prediction of redisplacement (Table V) . The interobserver reliability of the threepoint index was 0.9914 (95% confidence interval, 0.9876 to 0.9942), and the intraobserver reliability was 0.9990 (95% confidence interval, 0.9985 to 0.9993).
Discussion
T he cast index, gap index, padding index, and Canterbury index are previously described radiographic methods of determining a poor cast and/or molding technique [13] [14] [15] . Our new method, the three-point index, had considerably greater sensitivity, specificity, and positive and negative predictive values compared with those of other methods (Table V) . We attribute its superiority to the fact that it is calculated on the basis of both three-point fixation-the oldest basic principle for achieving stability in a cast-and reduction accuracy in terms of the contact area of the fragments in the fracture site. To avoid incorrect results, this index should not be applied to nondisplaced and nonangulated fractures, the intrinsic stability of which is very high because of the preserved integrity of the cortices.
The previously defined radiographic indices were based on measurements only at the fracture site without regard for the proximal and distal points of cast fixation [13] [14] [15] . The cast index, the first of these indices, was proposed by Chess et al., with a cutoff point of 0.7 13 . This index is calculated on the basis of the cast geometry at the fracture site, with the idea being that the sectional geometry of the cast should be elliptical rather than circular at this location. It can be easily recognized that this index particularly targets dorsal angulation and/or translation of the fracture with insufficient molding in the sagittal plane. As was found in some other recent reports [15] [16] [17] , this index did not predict the outcome accurately in our study. The cast index fails to identify inadequate cast treatment due to poor molding on the radial or ulnar side. Thus, it is also inaccurate in predicting redisplacement in the radial or ulnar direction. Our study results suggest that 0.8 is a more suitable cutoff point than the above-mentioned 0.7 for this index (Table V) , a finding that is in agreement with that in another recent study 14 . The padding index and the Canterbury index were designed by Bhatia and Housden 14 to help in the assessment of the cast technique for treatment of both diaphyseal and distal metaphyseal forearm fractures in children. We found no significant difference between the group with redisplacement and the group without redisplacement with regard to these two indices, and they had a very low sensitivity and positive predictive value. They might be more useful for as- sessing forearm shaft fractures than for evaluating distal metaphyseal fractures, as the two indices are calculated with use of the maximum interosseous length as the denominator, which is related more to adequate fracture reduction in the diaphyseal area. The gap index 15 is a recently defined radiographic measurement based on ratios of the gaps in the cast at the level of the fracture to the entire inside width of the cast in two planes. This index was found to be more promising than the cast index, the padding index, and the Canterbury index in our study. However, its clinical application was still discouraging, with low sensitivity and a low positive predictive value. Like the previous methods, the gap index is based solely on measurements at the fracture site and fails to determine the condition of the proximal and distal portions of the cast. Thus, a common error, such as sufficient molding at the fracture site but insufficient molding of the proximal and distal parts of the cast, is usually not a factor in these indices.
In our study, logistic regression analysis indicated that initial complete displacement was the greatest risk factor, with the risk of redisplacement being 11.7 times higher than that for an angulated but incompletely displaced fracture. McLauchlan et al. , and Mani et al. 12 noted that an initially completely displaced fracture had a high risk of redisplacement despite a satisfactory initial reduction. These authors attributed this finding to the interrupted periosteal hinge and severe soft-tissue injury, which may lead to greater soft-tissue swelling.
Fracture geometry, the importance of which has been underestimated, has not been examined as a risk factor for redisplacement of distal radial fractures, to our knowledge. However, in our study, the degree of obliquity of the fracture was the second most important risk factor. We found that, compared with a true transverse fracture, 10°of obliquity increased the likelihood of redisplacement 2.22 times; 20°of obliquity, 4.93 times; and 30°of obliquity, 10.94 times. We believe that the obliquity of the fracture line decreases the intrinsic stability of the fracture.
Perfect anatomical reduction is one of the most widely accepted factors preventing redisplacement 1, 4 . Hence, Haddad and Williams 1 supported the use of Kirschner wires in cases where anatomical reduction cannot be achieved. In our study, an incompletely reduced fracture was five times more likely to redisplace than was an anatomically reduced fracture. Furthermore, our new index emphasizes the quality of the reduction.
The role of an associated ulnar fracture is controversial. Zamzam and Khoshhal 10 and Bohm et al. 16 identified an associated ulnar fracture as a risk factor for redisplacement, whereas Gibbons et al. 5 suggested that isolated distal radial fractures were more unstable and prone to reangulation than were distal radial fractures associated with an ulnar fracture. Our results were similar to those of Proctor et al. 4 , who did not find a fracture of the ulna to increase the rate of redisplacement but found redisplacement to be closely related to initial complete displacement of the radial fracture.
There are some possible limitations of our study. The use of conscious sedation was recently reported as a risk factor for redisplacement 10 . However, we did not have the opportunity to test various types of anesthesia, as it was not possible to use general anesthesia for these patients under our hospital's conditions. The use of a short-arm cast has been supported in recent reports 16, 17 , but we did not compare this method with application of a long-arm cast; instead, we applied short-arm casts to the entire group since this method is more dependent on the three-point fixation principle than is immobilization in a long-arm cast. We defined redisplacement as ‡5°of radial deviation, or ‡10°of dorsal or volar angulation, or ‡3 mm of translation, or half these amounts in combined displacements. Although >10°of angulation in any direction has been used to define redisplacement in some similar previous studies 14, 15 , it is well established that the degree of radial angulation that is acceptable is lower than the degree of dorsal or volar angulation that can be accepted 18, 19 . Roberts 18 noted the loss of the rotation capability of forearms with a radially deviated fracture as a result of narrowing of the interosseous gap, whereas no loss of function occurs in association with dorsally angulated fractures.
We are aware of some inconsistencies between the remanipulated fractures in our study and those that were determined to require remanipulation on the basis of the surgeon's preference in some previous studies 16 . In our study, although we eliminated surgeon preference as a factor determining remanipulation, some fractures met the criteria for redisplacement but not those for remanipulation. This should not be a cause for confusion, as our definition of redisplacement was in keeping with that in other studies. However, we used a higher limit to determine which redisplacements were to be treated with manipulation because of a rather traditional optimistic belief that remodeling would realign smaller degrees of angulation. While some authors prefer surgical treatment of redisplaced fractures 6, 9, 10, 12 , Voto et al. 2 recommended remanipulation as an effective method with which to manage reangulation or redisplacement. As published reports indicate equivalent results after the two methods, except in neurovascularly compromised patients (who should undergo pin fixation 6, 20 ), we preferred remanipulation for treatment of unacceptable redisplacement.
In conclusion, the three-point index is a good measure for predicting redisplacement, and it contributes to the understanding of the intrinsic and extrinsic dynamics of stability of distal radial fractures treated with conservative means. Complete initial displacement of the fracture and increased obliquity of the fracture line are the most important risk factors for redisplacement. n NOTE: The authors thank Prof. Dr. Nevres Hürriyet Aydogan for his contributions and Salih Ergöc xen for his help with the statistical analysis.
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